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Allospecific Tregs Expanded After Anergization
Remain Suppressive in Inflammatory Conditions
but Lack Expression of Gut-homing Molecules

Eleni Kotsiou', John G Gribben' and Jeff K Davies'

!Centre for Haemato-Oncology, Barts Cancer Institute, Queen Mary University London, London, UK

Cell therapy with antigen-specific regulatory T-cells
(Treg) has great potential to selectively control
unwanted immune responses after allogeneic stem-
cell or solid organ transplantation and in autoimmune
diseases. Ex vivo allostimulation with costimulatory
blockade (alloanergization) of human T-cells expands
populations of alloantigen-specific Treg, providing a cel-
lular strategy to control donor T-cell alloresponses causing
graft-versus-host disease after allogeneic hematopoietic
stem-cell transplantation. Crucially, it is not known if Treg
expanded in this way are stable in proinflammatory con-
ditions encountered after transplantation, or if they pos-
sess capacity to migrate to key target organs. Using an
in vitro model to functionally characterize human Treg
expanded after alloanergization, we now show that these
cells remain potently allosuppressive in the presence of
relevant exogenous inflammatory signals. Expanded
allospecific Treg retained expression of molecules con-
ferring migratory capacity to several organs but small
intestine-specific chemotaxis was markedly impaired, in
keeping with the preponderance of gut graft-versus-host
disease in previous clinical studies using this strategy.
Importantly, impaired gut-specific chemotaxis could be
partially corrected by pharmacological treatment. These
findings will facilitate more effective application of this
cellular approach to limit T-cell alloresponses after hema-
topoietic stem-cell transplantation and the wider applica-
tion of the strategy to other clinical settings.

Received 17 November 20135, accepted 16 March 2016, advance online
publication 3 May 2016. doi:10.1038/mt.2016.64

INTRODUCTION

Regulatory T-cells (Treg) are a subset of CD4" T-cells with
functional ability to suppress effector T-cell immune responses.
Cellular therapy with antigen-specific Treg has potential to selec-
tively control unwanted T-cell immune responses that mediate a
range of pathologies including graft-versus-host disease (GvHD)
after allogeneic hematopoietic-cell transplantation (AHSCT),'
graft rejection after solid organ transplantation? and autoimmune
diseases.” However, for such cellular therapy to be successful,

antigen-specific Treg need to retain functional stability* and
capacity to migrate to anatomical sites of T-cell priming and tissue
damage,’ particularly in proinflammatory conditions often pres-
ent in these clinical settings.

Most approaches to generate and expand therapeutic
antigen-specific Treg require cumbersome cell sorting procedures
which can be difficult to implement at a clinical scale.® An alterna-
tive strategy is the stimulation of human donor T-cells with allo-
antigens in the presence of antibody- or fusion protein-mediated
blockade of the CD28 costimulatory signal (alloanergization).”
This strategy renders alloantigen-specific effector T-cells hypore-
sponsive while expanding allosuppressive Treg, thus generating a
tolerogenic pool of T-cells without the requirement for cell puri-
fication steps. Alloanergization was initially developed for use in
human leukocyte antigen (HLA)-mismatched AHSCT to limit
donor T-cell alloresponses that mediate harmful GvHD without
global immunosuppression,® but could be applied as a simple
strategy to generate antigen-specific Treg in other clinical settings.

In the two previous clinical studies of HLA-mismatched bone
marrow transplantation, infusion of alloanergized donor immune
cells resulted in a marked expansion of alloantigen-specific
donor CD4™" Treg in recipient peripheral blood posttransplant.’
Furthermore, Treg generated in this way in vivo or in vitro possess
donor-specific allosuppressive capacity without suppressing ben-
eficial pathogen-specific immune responses.” Although GvHD
occurred at a lower frequency than historical controls in these
clinical studies, some breakthrough acute GvHD occurred and
was limited to the gastrointestinal tract.”"! Therefore, the elucida-
tion of mechanisms underlying the spatial or functional limita-
tions of alloantigen-specific Treg generated after alloanergization
will help improve the approach in the setting of AHSCT and may
have broader significance in the application of the strategy to
other clinical scenarios.

We therefore used an in vitro model of alloanergization to
expand and scrutinize human alloantigen-specific CD4* Treg. We
measured the functional stability and differential tissue-specific
migratory capacity of these cells after repeated exposure to allo-
antigens under various proinflammatory conditions to model the
effects of the posttransplantation environment and to determine
potential mechanisms underlying constraints on the efficacy of
this form of cellular therapy.
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RESULTS

Expansion of CD4* Treg after alloanergization is
maintained in the presence of proinflammatory
signals

We have shown earlier that alloanergization of human T-cells
results in an expansion of the frequency of allospecific CD4*
Treg upon rechallenge with alloantigen.*'? Proinflammatory con-
ditions likely to be encountered in vivo after transplantation of
alloanergized donor immune cells have recently been shown to
convert induced Treg into effector T-cells.” We therefore, mea-
sured the impact of proinflammatory mediators relevant to allo-
geneic transplantation on the numerical expansion and function
of CD4™ Treg after alloanergization of donor T-cells.

We first determined the effect of exogenous lipopolysaccha-
ride (LPS), which is released from the gastro-intestinal tract after
AHSCT," stimulates release of tumor necrosis factor-o. and inter-
feron (IFN)-y from monocytes and macrophages and polarizes
allogeneic donor T-cells to Th1 effector responses that facilitate
acute GVHD."” In our experimental model, the proinflammatory
effect of LPS was likely to be via this mechanism, rather than
directly modulating Treg in our cultures as TLR4 was expressed
by <5% of CD4* Treg in starting populations or expanded after
alloanergization, Supplementary Figure Sla.

The addition of LPS did not significantly reduce the expansion
of frequencies of CD41 Treg (identified by expression of intra-
cellular FOXP3 or by CD25MCD127" surface phenotype) after
alloanergization. Importantly, expansion of Treg was maintained
when alloanergized cells were restimulated with alloantigen in the
presence of LPS, modeling the postinfusional environment where
alloanergized cells would encounter massive allorestimulation and
local proinflammatory signals (Figure la and Supplementary
Figure S2).

We also examined the effect of the proinflammatory cytokines
IL-1PB and IL-6, which are released by damaged tissues after trans-
plant conditioning, polarize toward a Th17 immune microenvi-
ronment which has also been implicated in acute GvHD and are
known to impair differentiation or induce phenotypic instability
of CD4% Treg.'s"” The expansion of CD4* Treg after alloaner-
gization and subsequent allorestimulation of donor T-cells was
also maintained in the presence of exogenous IL-1f and IL-6,
Figure 1b, despite a subpopulation of Treg expressing the recep-
tor for IL-1 B (IL1R1, Supplementary Figure S1b).

Th1-polarizing conditions do not change the
phenotype of expanded Treg after alloanergization
After demonstrating that expansion of CD4* Treg after alloaner-
gization was not reduced by proinflammatory mediators, we next
chose to phenotypically characterize expanded Treg in this setting.
We measured cellular coexpression patterns of six key molecules
important in CD4 " Treg stability and function. Allorestimulation
of alloanergized cells significantly increased the frequencies of
CD41FOXP3™" Treg expressing CTLA4 (a key mediator of Treg
suppression), CD39 (which hydrolyzes the important inflam-
matory danger signal extracellular ATP), and TNFR2 (vital for
TNF-mediated stabilization of Treg function) when compared
with alloanergized Treg. Frequencies of GITR" Treg (known to
have Thl-secreting capacity) were also significantly increased
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Figure 1 Expansion of CD4* regulatory T-cells (Treg) after alloan-
ergization is maintained in proinflammatory conditions. (a) FOXP3*
Treg, expressed as percentage of total CD4% cells, after alloanergiza-
tion and repeated exposure to alloantigen in the absence or presence
of lipopolysaccharide (LPS). Graph depicts results from eight different
HLA-mismatched stimulator-responder pairs. P values are for two-tailed
student’s t-test. Horizontal lines are medians. *P < 0.05, **P < 0.01, ns,
not significant. (b) FOXP3™ Treg, expressed as percentage of total CD4™
cells, after alloanergization and repeated exposure to alloantigen in
the absence or presence of IL-13 and II-6. Graph depicts results from
seven different HLA-mismatched stimulator-responder pairs. P values are
for two-tailed student’s t-test. Horizontal lines are medians. *P < 0.05,
**P < 0.01, ns, not significant.

after allorestimulation of alloanergized cells although frequencies
remained <20%. In contrast, GARP and LAP (which negatively
control Treg expansion) were expressed at low levels in baseline
Treg and expanded Treg. Importantly, the phenotype of expanded
populations of Treg was maintained in the presence of exogenous
LPS. Overall, the phenotypic expression patterns on expanded
populations of CD4" Treg after alloanergization are consistent
with cell lineage stability and retention of suppressive function in
proinflammatory conditions (Figure 2a).

Expanded Treg retain allosuppressive function in the
presence of proinflammatory conditions

After demonstrating that proinflammatory conditions did not
adversely impact on numerical expansion or suppressive phe-
notype of Treg expanded after alloanergization we determined if
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Figure 2 Lipopolysaccharide (LPS) does not impair allosuppressive
phenotype or function of CD4% regulatory T-cells (Treg) expanded
after alloanergization. (a) Phenotype of expanded Treg after alloan-
ergization and repeated exposure to alloantigen in the absence of
presence of LPS. Bar charts show mean +SD) frequencies of CTLA-4T,
CD39%, TNFR2*, GITR*, GARP™, and LAP™ cells expressed as a propor-
tion of CD4" FOXP3™ Treg at baseline (B/L), after alloanergization (A)
and after subsequent allorestimulation (AR). Data are for five to nine
HLA-mismatched stimulator-responder pairs. *P < 0.05, **P < 0.01.
(b) Allosuppressive function of CD4* Treg at B/L, after alloanergization
(A) and subsequent AR in the absence or presence of LPS. Mean per-
centage suppression (£SD) of alloproliferative responses of untreated
responder cells by CD4" Treg are shown. Data are for three to six HLA-
mismatched stimulator-responder pairs. P values are for two-tailed
t-tests, ns; nonsignificant.

allosuppressive function was also retained in this setting. CD4*
Treg purified immunomagnetically (based on CD25" CD127"
expression, purity >95%, FOXP31 >75%) were potently allosup-
pressive following alloanergization and subsequently allorestim-
ulation. Importantly the addition of LPS did not significantly
reduce this allosuppressive capacity of Treg expanded after alloan-
ergization (Figure 2b). Furthermore, the allosuppressive capacity
of expanded populations of Treg was not significantly reduced by
the presence of IL-1P and IL-6 (P = not significant for compari-
son between suppressive capacity of cells with or without IL-1[3
and IL-6 exposure at all ratios (Supplementary Figure S3). This
data provides evidence that therapeutic alloantigen-specific Treg
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generated after alloanergization are functionally stable in clini-
cally relevant proinflammatory conditions.

Th1-polarizing proinflammatory conditions increases
expansion of allosuppressive IFN-y* Treg
Proinflammatory conditions have been shown to induce the
capacity of Treg to secrete IFN-y,'”® which may impact on their
function. Therefore, we next sought to determine if expanded
populations of Treg generated after alloanergization in proinflam-
matory conditions were enriched for such IFN-y secreting cells.

In the absence of proinflammatory conditions, the proportion
of Treg secreting IFN-7y in baseline cells increased threefold after
alloanergization and allorestimulation (from a median frequency
of 1.4% to a median frequency of 4.7%, P = 0.001) demonstrat-
ing that the process of alloanergization and allorestimulation
expanded frequencies of Treg secreting IFN-y. Importantly, the
presence of LPS resulted in significantly higher proportions of
IFN-y" Treg after alloanergization and allorestimulation (11%
LPS versus 4.7% no LPS, P = 0.01) (Figure 3a). The increase in the
proportion of IFN-y* Treg we observed was due to an increase
in absolute numbers of IFN-y" Treg (rather than due to a selec-
tive decrease in IFN-y* Treg) as total viable CD4™ T-cell numbers
were not significantly different in baseline or alloanergized allor-
estimulated cultures, either in the absence (8.4+1.5x 10° versus
10.73+£3.14x10° P = 0.23) or the presence of LPS (9.02+3.4 x 10°
versus 7.92+0.82x 10% P = 0.60).

In contrast, this increase in IFN-y-secreting Treg was not
accompanied by an increase in the proportion of Treg with capac-
ity to secrete IL-17 (Figure 3b). Expanded populations of IFN-y*
Treg after alloanergization and allorestimulation had high expres-
sion of the Th1 transcription factor T-bet and low expression of the
Ikaros family transcription factor Helios, a phenotype which has
been associated with high suppressive capacity in Type-1 inflam-
matory conditions” (Figure 3c,d). As some recent studies have
shown that IFN-y* FOXP3™* cells can lose suppressive function,'
we used y-capture technology to purify populations of IFN-y* and
IFN-y*¢ Treg (Supplementary Figure S4) for use in allosuppres-
sion assays. IFN-y-secreting Treg retained potent allosuppressive
capacity, demonstrating at least equivalence to IFN-y*& Treg on a
per cell basis. Importantly, this suppressive function was retained
in IFN-y-secreting Treg expanded in proinflammatory conditions
(Figure 3e).

Overall, these results suggest that proinflammatory conditions
likely to be encountered in vivo do not significantly reduce the
allosuppressive capacity of CD4* Treg expanded after alloaner-
gization. Furthermore the presence of LPS potentiates the expan-
sion of a subpopulation of allosuppressive IFN-y-secreting Treg
which may facilitate the control of alloresponses in proinflamma-
tory environments.

Treg expanded after alloanergization possess
differential migratory capacity

Having demonstrated that CD4" Treg expanded after alloaner-
gization maintain their allosuppressive function in proinflamma-
tory environments, we next determined whether such cells had
capacity to migrate to different tissues in order to suppress alloge-
neic T-cell responses effectively in vivo.
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Figure 3 Regulatory T-cells (Treg) expanded after alloanergization in lipopolysaccharide (LPS)-rich conditions are enriched with allosuppres-
sive IFN-y-secreting cells. (@) Frequencies of IFN-yt cells expressed as percentage of CD4" Treg at baseline, after alloanergization and after allor-
estimulation in the absence or presence of LPS. Horizontal lines represent median values. P values are for two-tailed t-test. Results are shown for eight
HLA-mismatched stimulator-responder pairs. *P < 0.05, **P < 0.01. (b) Frequencies of IL-17A™ cells expressed as percentage of Treg at baseline, after
alloanergization and after allorestimulation. Horizontal lines represent median values. P values are for two-tailed t-test. Results are shown for eight
HLA-mismatched stimulator- responder pairs. ns, not significant. (c) IFN-y* Treg following alloanergization and allorestimulation upregulate T-bet.
Bar chart summarizes mean (+SD) median fluorescence intensity (MFI) of T-bet CD4TFOXP3*IFN-y* Treg at baseline and after alloanergization and
allorestimulation. Results for three independent experiments are shown. P values are for two-tailed t-test. **P < 0.01, ns, not significant. (d) IFN-y*
Treg following alloanergization and allorestimulation are predominantly helios™s. Mean (+SD) frequencies of Helios* cells expressed as a percentage
of CD4TFOXP3IFN-y* Treg at baseline and after alloanergization and subsequent allorestimulation. Results are for three independent experiments.
P values are for two-tailed t-test. *P < 0.05, ns, not significant. (e) Allosuppressive capacity of IFN-y* and IFN-y*s Treg subpopulations after alloanergi-
zation and subsequent allorestimulation of healthy donor peripheral blood mononuclear cells (PBMCs) in the presence or absence of LPS. Mean per-
centage suppression (£SD) of alloproliferative responses of untreated responder cells are shown by purified Treg from allorestimulated alloanergized
PBMC:s at a ratio of 1:10 Treg: Responder cells. Results are from four independent HLA-mismatched stimulator-responder pairs. Ns, not significant.

First, we measured the expression of a range of chemokine
receptor and adhesion molecules known to regulate the migra-
tion of Treg to anatomic sites of allogeneic T-cell priming and
tissue damage.” Significantly, expanded populations of CD4*
Treg maintained high levels of expression of both CD62L and
C-C chemokine receptor type (CCR)7, molecules which facili-
tate migration to secondary lymphoid organ sites and the pres-
ence of LPS did not adversely impact on the level of expression of
these molecules. Similarly, CXC-receptor 4 (CXCR4) and CCR4
which mediate Treg migration to the bone marrow and skin
were expressed at high levels of expanded populations of Treg.
Although LPS reduced the proportion of Treg expressing CCR4 in
baseline and alloanergized Treg, LPS did not reduce expression of
CCR4 in expanded populations of Tregs after alloanergization and
allorestimulation and did not impact at all on levels of expression
of CXCR4 (Figure 4a). These data are consistent with capacity of

Molecular Therapy vol. 24 no. 6 jun. 2016

allosuppressive Treg expanded after alloanergization to migrate in
vivo to sites of alloreactive effector T-cell priming and to two key
sites of alloreactive T-cell-mediated tissue damage even in proin-
flammatory conditions.

Finally, we measured expression of molecules important
to migration of Treg to the gastro-intestinal tract. The integ-
rin o, 3., which facilitates migration of T-cells to gut-associated
lymphoid tissue throughout the gastro-intestinal tract, was
expressed on relatively low levels (20%) of Treg after alloaner-
gization, but on larger proportions of Treg after allorestimula-
tion (>80%), suggesting that this component of gut-trophism
may be functional on expanded Treg. However, as expression of
CCR9 plays an important additional and nonredundant role in
migration of T-cells into the gut lamina propria, particularly in
the small intestine,” we also determined CCR9 expression on
expanded populations of Treg before and after alloanergization.
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Figure 4 Regulatory T-cells (Treg) expanded after alloanergization
and allorestimulation display differential expression of molecules
conferring organ-specific migratory capacity. (a) Mean frequencies
(£SD) of cells expressing CCR7, CD62L, CCR4 and CXCR4 expressed
as a proportion of Treg at baseline (B/L) and after alloanergization (A)
and subsequent allorestimulation (AR) in the absence (white bars) or
presence (gray bars) of lipopolysaccharide (LPS) (n = 3-9). *P<0.05, (b)
Mean frequencies (£SD) of cells expressing a,3, and CCR9 expressed
as a proportion of Treg at B/L and after A and subsequent AR in the
absence (white bars) or presence (gray bars) of lipopolysaccharide (LPS)
(n = 3-9). (c) CCL25 and SDF-1-specific chemotaxis of CD4™ Treg from
baseline and after alloanergization and restimulation in the absence or
presence of LPS. Bar charts depict mean (+SD) data from three different
stimulator-responder pairs. ns, not significant.

Significantly, CCR9 was expressed by <5% of baseline Treg and
at even lower frequencies in expanded populations of Treg
after alloanergization either in the absence or presence of LPS
(Figure 4b).

In order to confirm that the low expression levels of CCR9
on Treg had functional impact, we performed chemotaxis assays
using the CCR9 cognate ligand chemokine (C-C motif) ligand
25 (CCL25). Purified baseline Treg displayed low levels of migra-
tion toward CCL25 at a range of concentrations as compared to
responsiveness to stromal cell-derived factor 1 (SDF-1) the cog-
nate ligand for CXCR4. CCL25-specific chemotaxis of expanded
Treg after alloanergization and allorestimulation remained low
both in the despite maintenance of chemotaxis mediated by
SDF-1/CXCR4 consistent with a selectively reduced ability for
Treg to migrate to the lamina propria of the small intestine. LPS
had no significant effect on levels of CCL25-specific migration in
expanded populations of Treg (Figure 4c).
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Impaired CCR9-specific chemotaxis of allosuppressive
Treg expanded after alloanergization could be
partially corrected by pharmacological treatment
Finally, we sought to determine if the defective migratory phe-
notype of Treg expanded after alloanergization was tractable by
pharmacological treatment. We chose a strategy of treatment with
retinoic acid (RA) which upregulates the expression of CCR9 on
T-cells.”? In addition, we examined the effect of the hypomethylat-
ing agent azacytidine (AZA) which increases RA receptor expres-
sion (and therefore might potentiate the effect of RA) in addition
to stabilizing Treg function.”~*

AZA treatment alone either before or after alloanergiza-
tion had no significant effect on the proportion of CD4" Treg
expressing CCR9. RA treatment before or after alloanergiza-
tion, increased the proportion of CD4* Treg expressing CCR9.
The largest increase was seen with RA treatment after alloaner-
gization, although there was some variability of this effect. In
contrast, combined RA and AZA treatment after alloanergiza-
tion led to a more consistent increase in the frequency of the
proportion of CD4" Treg expressing CCR9 (from 1.53 +0.37%
to 15.3+4.5%, P = 0.06), Figure 5a,b). Importantly RA/AZA
treatment also significantly improved Treg CCL25-specific
chemotaxis without impairing CXCR4-specific chemotaxis
(Figure 5c¢).

In addition, RA and RA/AZA treatment also increased the
proportion of Treg expressing o8, which could serve to further
improve gut-migratory capacity (Supplementary Figure S5).

DISCUSSION

We have examined critical functional aspects of a simple strategy
to expand human alloantigen-specific Treg for therapeutic use
after AHSCT.

Importantly, the presence of LPS did not reduce Treg expan-
sion or function after alloanergization. It is therefore likely that
Treg generated in this way retain capacity to suppress harmful
effector T-cell-mediated immune responses in LPS-rich environ-
ments such as gastro-intestinal GvHD after AHSCT and autoim-
mune colitis. Although LPS has been shown to adversely affect
FOXP3 protein stability by promoting ubiquitination through
Stub1,”® our current findings are consistent with other studies
showing that LPS can influence transcriptional and translational
regulation of FOXP3 to enhance Treg proliferation and suppres-
sive function.”” Our findings that IL-1f and IL-6 do not impede
the generation or allosuppressive function of Treg after anergiza-
tion also predict stability of function in inflamed gut tissue, as
IL-1 signaling has recently been shown to trigger a developmental
switch from induced Treg to proinflammatory Th17 cells in the
gut microenvironment.*

Despite the retention of expansion and allosuppressive func-
tion, LPS-rich conditions did impact on the expanded popula-
tions of Treg after alloanergization by significantly increasing the
proportion of Treg with capacity to secrete IFN-y. Our findings
that IFN-yt Treg expanded after alloanergization were potently
allosuppressive are consistent with recent studies that have shown
that human CD4% Treg with capacity to secrete IFN-y are criti-
cal for controlling T-cell responses in proinflammatory envi-
ronments" and are required for effective suppression of GvHD

www.moleculartherapy.org vol. 24 no. 6 jun. 2016
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expanded Treg expressing CCR9. lllustrative dot pots are shown depicting CCR9 expression on CD4* FOXP3* Tregs after alloanergization with and
without treatment with AZA, RA or both. Representative data are shown from one out of six experiments. (b) Mean frequencies (+SD) of cells express-
ing CCRY expressed as a proportion of Treg after alloanergization without and with treatment with AZA, RA or both. ns, not significant. Individual
P values where there was a trend to statistical significance (P > 0.05 < 0.10) are also shown. (¢) CCL25 and stromal cell-derived factor 1 (SDF-1)-
specific chemotaxis of CD4%1 Treg from AZA/RA treated or untreated alloanergized PBMCs. Bar charts depict mean (+SD) data from three different
stimulator-responder pairs. **P < 0.01, ns, not significant.

in murine transplant models."”? However, although subpopula-
tions of IFN-y" Treg expanded after alloanergization may play
an important role in controlling alloresponses in proinflamma-
tory conditions, these cells represent only a small proportion of
the expanded Treg pool. IFN-y*& Treg expanded after alloaner-
gization were more abundant and possessed equivalent allosup-
pressive capacity to IFN-y* Treg. These findings highlight the
heterogenous nature of expanded populations of allosuppres-
sive Treg generated for therapeutic use in this way and how this
dynamic pool can be impacted upon by the microenvironment.
An important aspect of the functional specialization of Treg
is their ability to migrate to different organs. Animal models

Molecular Therapy vol. 24 no. 6 jun. 2016

demonstrate that after AHSCT, donor Treg migrate to recipient
secondary lymphoid organs where they suppress proliferation of
alloreactive effector T-cells® but Treg also directly infiltrate GVHD
target tissues.”"* Indeed, several studies have demonstrated that
increased frequencies of chemokine receptor-positive Treg in the
peripheral blood of patients inversely correlates with incidence
and severity of organ-specific GVHD after AHSCT.* Reassuringly,
we found that Treg expanded after alloanergization retained high
levels of expression of molecules key for migration to secondary
lymphoid organs and target organs of GvHD including the skin
and bone marrow and that levels of expression were not signifi-
cantly altered in the presence of LPS.
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Although Treg expanded after alloanergization had high
expression of o3, important for migration to the gut, particu-
lary the large intestine, the frequencies of Treg expressing CCRY,
important in T-cell migration to the small intestine, were very
low. Human studies of gut-specific migratory capacity of Treg
after AHSCT have thus far been limited to expression of o,f3 %
and no studies have directly examined the relationship between
CCR9" Treg and gut GvHD. However, there is evidence to sug-
gest that low levels of CCR9 expression on Treg may be func-
tionally significant in this setting, as increased levels of CCR9™
effector T-cells in patient peripheral blood post AHSCT have
been associated with gut GYHD?* and CCR9 expression is essen-
tial for Treg-mediated control of inflammatory colitis in mice.® A
selective small-intestinal migratory defect is consistent with the
preponderance of gastro-intestinal GVHD we observed in prior
clinical trials of alloanergized donor T-cell therapy in the setting of
AHSCT, despite detecting large in vivo expansions of allosuppres-
sive Treg in patients’ peripheral blood.” Pretreatment with RA or
AZA and RA partially corrected the low CCR9 expression levels,
providing proof of principle that selective migratory defects that
might limit the in vivo efficacy of antigen-specific Treg generated
by anergization may be corrected by preinfusional pharmacologi-
cal manipulation.

Despite providing valuable insight into the likely functional
capacity of allosuppressive Treg generated after alloanergization, we
must consider the limitations of our study. Our HLA-mismatched
model is relevant to an increasing proportion of AHSCT proce-
dures and to solid organ transplantation, but does not address
minor histocompatibility- or self-antigen-specific Treg generated
to selectively control T-cell responses in HLA-matched AHSCT or
autoimmune disease. Furthermore, other studies have shown that
CD8* Treg are also important in controlling harmful alloresponses,
particularly after solid organ transplantation.’”” Our previous studies
have shown that allosuppressive CD8 " Treg are also expanded after
alloanergization® but we have yet to investigate their functional sta-
bility and migratory capacity. Finally, we chose to limit our stud-
ies to in vitro models. Although migratory capacity of Treg can be
more directly demonstrated in murine models, intrinsic differences
between murine and human T-cells (most notably the differential
expression of CD28%), and between allogeneic and xenogeneic
T-cell responses® limit the value of such model systems in this
setting.

In conclusion, our study addresses two key potential mecha-
nisms which might resultinloss of in vivo efficacy of antigen-specific
Treg generated by anergization; the stability of phenotype and
function in the presence of relevant proinflammatory conditions,
and differential capacity to migrate to tissues postinfusion. Our
findings have obvious relevance for the application of this strat-
egy to control harmful alloresponses after AHSCT, but also broad
implications for wider application of this approach to generate
antigen-specific Treg for use in other therapeutic settings.

MATERIALS AND METHODS

Human cells. Donor peripheral blood mononuclear cells (PBMC) were iso-
lated by density gradient centrifugation from pheresis filter collars. The study
was approved by the London Research Ethical Committee (05/Q0605/140)
and was conducted in accordance with the Declaration of Helsinki.
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Alloanergization of human PBMC. Responder PBMCs (107) and equal
numbers of 50Gy irradiated HLA-mismatched allogeneic PBMC were
cocultured in the presence of 40 ug/ml second-generation CTLA4-Ig
Belatacept (Nulojix, Bristol-Myers Squibb, New York, NY) at 10°/ml in
Roswell Park Memorial Institute (RPMI) medium containing 10% AB
human serum (GE Healthcare Life Sciences, Amersham Place, UK) in
upright 25cm? flasks as described earlier.”*! After 72 hours cultures were
washed to remove costimulatory blockade and allorestimulated with either
first party irradiated PBMC (original stimulators). Subsequent restimu-
lations of alloanergized PBMCs were performed every 5 days. Where
indicated LPS (1 pg/ml) (Sigma, Aldrich, St Louis, MO) or IL-1f3 (20ng/
ml) and IL-6 (30 ng/ml) (BioLegend, San Diego, CA) were added during
the last 3 days of the restimulation culture period. In some experiments,
responder cells were pretreated with 1 pmol/l azacitidine (a concentration
that stabilized FOXP3 expression in Tregs without significantly impair-
ing viability or proliferative capacity) and/or 1 umol/l all-trans RA (both
Sigma-Aldrich) for 3 days prior to or after the alloanergization process.

Flow cytometry and cell sorting. Multicolor flow cytometry was employed
using directly conjugated antibodies (Supplementary Table S1). CD4"
Treg were enumerated by coexpression patterns of CD25 and CD127 and
by intranuclear FOXP3 as described earlier.' For cytokine production cells
were stimulated for 5 hours with stimulation cocktail and protein trans-
port inhibitor cocktail (both from eBioscience, San Diego, CA). For back-
ground levels of cytokine secretion cells were stimulated with 1x Protein
transport inhibitor cocktail only and values were subtracted from values
for fully stimulated cells. Intracellular cytokine staining for cytokines and
transcription factors was performed using the FOXP3 Fix/Perm Buffer
staining kit from eBioscience.

Two-color flow cytometric cell sorting of Treg was performed with
an ARIA II device from Becton Dickinson (Franklin Lakes, NJ). For
methylation analysis Treg were defined as CD4TCD25tCD127" or
Tconventional, defined as CD4YCD25-CD127%, whereas for sorting of
IFN-y-secreting and nonsecreting populations of CD4% Treg were defined
based on CD25 and IFN-y expression after prior immunomagnetic
depletion of CD127% cells to remove effector T-cells.

Dead cells were excluded using 4’6-diamidino-2-phenylindole for
cell surface cytometry and Fixable Aqua dead cell stain (Life technologies,
Paisley, UK) or Fixable V450-50 (eBioscience) dye for intracellular/
intranuclear cytometry.

Treg suppression assays. Immunomagnetically purified CD4TCD25%
CD127%™ Treg (purity >80%, obtained using the CD4TCD251CD127%™"
Treg isolation kit II from Miltenyi Biotec (Bergisch Gladbach, Germany)
from untreated, alloanergized and alloanergized allostimulated cultures
were added to untreated responder PBMC responders in triplicate wells of
96-well-plates to which 50-Gy irradiated first party stimulators were added as
described earlier."” Proliferation was measured after 5 days by *H-thymidine
(Perkin Elmer, Waltham, MA) incorporation, with 1 pCi/well added dur-
ing the last 18 hours. The percentage suppression of first party alloresponses
was calculated as % suppression = 100 x (1-(cpm responders plus Treg/cpm
responders alone)). Where indicated LPS (1 pg/ml), or IL-1f (20 ng/ml) and
IL-6 (30ng/ml) were added during the 5-day coculture period.

Isolation of cytokine-secreting Treg. IFN-y-secreting Treg were isolated
using the cytokine secretion-cell enrichment and detection kit (Miltenyi
Biotec) according to the manufacturer’s instructions. Alloanergized allor-
estimulated PBMC were initially depleted of CD127-expressing effector
T-cells by immunomagnetic separation using the CD4TCD251CD1274™"
Treg isolation kit IT from MIltenyi Biotec. Cells were initially activated with
1x Cell stimulation cocktail (eBioscience) for 3 hours and then labeled
with the cytokine catch reagent. During the secretion phase, cells were
diluted in 10 ml culture medium/10 cells to prevent capturing of cytokine
from the neighboring cells. IFN-y-labeled cells were then purified by flow
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cytometry. Suppression assays using cytokine-producing cells were per-
formed as described earlier.

Chemokine receptor expression and chemotaxis assays. Expression of
chemokine receptors was assessed using flow cytometry with the anti-
bodies listed in Supplementary Table S1. For chemotaxis assays culture
medium containing CCL25 and SDF-1 (both Biolegend) was loaded into
the bottom wells of 96-well ChemoTx Transwell polycarbonate micro-
plates with 5 um filter pores (Neuroprobe, Gaithersburg, MD). Purified
CD47CD257CD127 T-cells (3 x 10*) were loaded onto the upper wells of
Transwell polycarbonate microplates and plates were incubated for 4 hours
at 37 °C. To enumerate migrated cells, cells were counted at the bottom
well and dead cells were excluded with trypan blue. A positive control for
CCL25-specific chemotaxis is shown in Supplementary Figure S6.

Statistical tests. Statistical analysis was performed using Prism version 5.0
software (GraphPad Software, La Jolla, CA). Two-tailed paired or unpaired
t-tests were used to compare two groups. Equal variance was not assumed
and Welch's correction used where appropriate. P values <0.05 were con-
sidered statistically significant. Error bars indicate SD.

SUPPLEMENTARY MATERIAL

Figure S1. Expression of TLR4 and IL-1R1 on Treg.

Figure $S2. Expansion of CD25hiCD127lo CD4+ Treg after alloanergi-
zation is maintained in lipopolysaccharide (LPS)-rich conditions.
Figure $3. Treg expanded after alloanergization remain allosuppres-
sive in the presence of IL-1 and IL-6.

Figure S4. Gating strategy for the identification and sorting of IFN-
v+ CD4+ Treg.

Figure S5. Expression of 04f7 Treg expanded after alloanergization
after treatment with azacytidine (AZA), retinoic acid (RA) or both.
Figure $6. CCL25-specific chemotaxis control.

Table S1. Flow cytometry antibodies.

ACKNOWLEDGMENTS

This study was supported by the UK Medical Research Council (Clinician
Scientist Fellowship G0902269 to J.K.D.) and the Barts Cancer Institute
Bridge to the future fellowship (to E.K.). E.K. designed the study, per-
formed experiments and analyzed data, prepared figures and wrote
the manuscript. J.G.G contributed to study design and reviewed the
manuscript. J.K.D designed and supervised the study, analyzed data,
prepared the figures and wrote the manuscript. The authors declare no
competing financial interests.

REFERENCES

1. Edinger, M, Hoffmann, P, Ermann, J, Drago, K, Fathman, CG, Strober, S et al. (2003).
CD4+[TY: Please check and correct online + as superscript + throughout references)
CD25+ regulatory T cells preserve graft-versus-tumor activity while inhibiting graft-
versus-host disease after bone marrow transplantation. Nat Med 9: 1144-1150.

2. Xia, G, He, |, Zhang, Z and Leventhal, JR (2006). Targeting acute allograft rejection
by immunotherapy with ex vivo-expanded natural CD4+ CD25+ regulatory T cells.
Transplantation 82: 1749-1755.

3. Tang, Q, Henriksen, K|, Bi, M, Finger, EB, Szot, G, Ye, | et al. (2004). In vitro-expanded
antigen-specific regulatory T cells suppress autoimmune diabetes. | Exp Med 199:
1455-1465.

4. Rubtsov, YP, Niec, RE, Josefowicz, S, Li, L, Darce, ], Mathis, D et al. (2010). Stability of
the regulatory T cell lineage in vivo. Science 329: 1667-1671.

5. lIssa, F, Hester, |, Milward, K and Wood, K| (2012). Homing of regulatory T cells to
human skin is important for the prevention of alloimmune-mediated pathology in an
in vivo cellular therapy model. PLoS One 7: e53331.

6. Tu, W, Lau, YL, Zheng, J, Liu, Y, Chan, PL, Mao, H et al. (2008). Efficient generation of
human alloantigen-specific CD4+ regulatory T cells from naive precursors by CD40-
activated B cells. Blood 112: 2554-2562.

7. Gribben, JG, Guinan, EC, Boussiotis, VA, Ke, XY, Linsley, L, Sieff, C et al. (1996).
Complete blockade of B7 family-mediated costimulation is necessary to induce
human alloantigen-specific anergy: a method to ameliorate graft-versus-host disease
and extend the donor pool. Blood 87: 4887-4893.

8. Brunstein, CG, Miller, |S, Cao, Q, McKenna, DH, Hippen, KL, Curtsinger, ] et al.
(2011). Infusion of ex vivo expanded T regulatory cells in adults transplanted with
umbilical cord blood: safety profile and detection kinetics. Blood 117:

1061-1070.

9. Davies, JK, Nadler, LM and Guinan, EC (2009). Expansion of allospecific regulatory T

cells after anergized, mismatched bone marrow transplantation. Sci Trans/ Med 1: 1ra3.

Molecular Therapy vol. 24 no. 6 jun. 2016

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Functional Stability of Allo Treg After Anergization

. Guinan, EC, Boussiotis, VA, Neuberg, D, Brennan, LL, Hirano, N, Nadler, LM et al.

(1999). Transplantation of anergic histoincompatible bone marrow allografts. N Engl |
Med 340: 1704-1714.

. Davies, JK, Gribben, |G, Brennan, LL, Yuk, D, Nadler, LM and Guinan, EC (2008).

Outcome of alloanergized haploidentical bone marrow transplantation after ex vivo
costimulatory blockade: results of 2 phase 1 studies. Blood 112: 2232-2241.

. Davies, JK, Barbon, CM, Voskertchian, A, Nadler, LM and Guinan, EC (2012). Ex vivo

alloanergization with belatacept: a strategy to selectively modulate alloresponses after
transplantation. Cell Transplant 21: 2047-2061.

. Komatsu, N, Mariotti-Ferrandiz, ME, Wang, Y, Malissen, B, Waldmann, H and Hori, S

(2009). Heterogeneity of natural Foxp3+ T cells: a committed regulatory T-cell lineage
and an uncommitted minor population retaining plasticity. Proc Natl/ Acad Sci USA
106: 1903-1908.

. Hill, GR, Crawford, M, Cooke, KR, Brinson, YS, Pan, L and Ferrara, JL (1997). Total

body irradiation and acute graft-versus-host disease: the role of gastrointestinal
damage and inflammatory cytokines. Blood 90: 3204-3213.

. Watanabe, S and Inoue, ] (2013). Intracellular delivery of

lipopolysaccharide induces effective Th1-immune responses independent of IL-12.
PLoS One 8: e68671.

. Li, L, Kim, ] and Boussiotis, VA (2010). IL-1B-mediated signals preferentially drive

conversion of regulatory T cells but not conventional T cells into IL-17-producing cells.
J Immunol 185: 4148-4153.

. Voo, KS, Wang, YH, Santori, FR, Boggiano, C, Wang, YH, Arima, K et al. (2009).

Identification of IL-17-producing FOXP3+ regulatory T cells in humans. Proc Natl Acad
Sci USA 106: 4793-4798.

. McClymont, SA, Putnam, AL, Lee, MR, Esensten, JH, Liu, W, Hulme, MA et al. (2011).

Plasticity of human regulatory T cells in healthy subjects and patients with type 1
diabetes. | Immunol 186: 3918-3926.

. Koch, MA, Tucker-Heard, G, Perdue, NR, Killebrew, |R, Urdahl, KB and Campbell, D)

(2009). The transcription factor T-bet controls regulatory T cell homeostasis and
function during type 1 inflammation. Nat Immunol 10: 595-602.

Lim, HW, Broxmeyer, HE and Kim, CH (2006). Regulation of trafficking receptor
expression in human forkhead box P3+ regulatory T cells. | Immunol 177:
840-851.

Tubo, NJ, Wurbel, MA, Charvat, TT, Schall, T|, Walters, MJ and Campbell, |} (2012). A
systemically-administered small molecule antagonist of CCR9 acts as a tissue-selective
inhibitor of lymphocyte trafficking. PLoS One 7: e50498.

Kang, SG, Lim, HW, Andrisani, OM, Broxmeyer, HE and Kim, CH (2007). Vitamin

A metabolites induce gut-homing FoxP3+ regulatory T cells. | Immunol 179:
3724-3733.

Soriano, AO, Yang, H, Faderl, S, Estrov, Z, Giles, F, Ravandi, F et al. (2007). Safety

and clinical activity of the combination of 5-azacytidine, valproic acid, and all-trans
retinoic acid in acute myeloid leukemia and myelodysplastic syndrome. Blood 110:
2302-2308.

Goodyear, OC, Dennis, M, Jilani, NY, Loke, |, Siddique, S, Ryan, G et al. (2012).
Azacitidine augments expansion of regulatory T cells after allogeneic stem cell
transplantation in patients with acute myeloid leukemia (AML). Blood 119: 3361—
3369.

Lal, G, Zhang, N, van der Touw, W, Ding, Y, Ju, W, Bottinger, EP et al. (2009).
Epigenetic regulation of Foxp3 expression in regulatory T cells by DNA methylation.

J Immunol 182: 259-273.

Chen, Z, Barbi, J, By, S, Yang, HY, Li, Z, Gao, Y et al. (2013). The ubiquitin ligase
Stub1 negatively modulates regulatory T cell suppressive activity by promoting
degradation of the transcription factor Foxp3. Immunity 39: 272-285.

Milkova, L, Voelcker, V, Forstreuter, |, Sack, U, Anderegg, U, Simon, |C et al. (2010).
The NF-kappaB signalling pathway is involved in the LPS/IL-2-induced upregulation

of FoxP3 expression in human CD4+CD25high regulatory T cells. Exp Dermatol 19:
29-37.

Basu, R, Whitley, SK, Bhaumik, S, Zindl, CL, Schoeb, TR, Benveniste, EN et al. (2015).
IL-1 signaling modulates activation of STAT transcription factors to antagonize retinoic
acid signaling and control the TH17 cell-iTreg cell balance. Nat Immunol 16: 286-295.
Koenecke, C, Lee, CW, Thamm, K, Fohse, L, Schafferus, M, Mittriicker, HW et al.
(2012). IFN-y production by allogeneic Foxp3+ regulatory T cells is essential for
preventing experimental graft-versus-host disease. | Immunol 189: 2890-2896.
Nguyen, VH, Zeiser, R, Dasilva, DL, Chang, DS, Beilhack, A, Contag, CH et al. (2007).
In vivo dynamics of regulatory T-cell trafficking and survival predict effective strategies
to control graft-versus-host disease following allogeneic transplantation. Blood 109:
2649-2656.

Rieger, K, Loddenkemper, C, Maul, J, Fietz, T, Wolff, D, Terpe, H et al. (2006). Mucosal
FOXP3+ regulatory T cells are numerically deficient in acute and chronic GvHD. Blood
107:1717-1723.

Fondi, C, Nozzoli, C, Benemei, S, Baroni, G, Saccardi, R, Guidi, S et al. (2009).
Increase in FOXP3+ regulatory T cells in GVHD skin biopsies is associated with

lower disease severity and treatment response. Biol Blood Marrow Transplant 15:
938-947.

Engelhardt, BG, Sengsayadeth, SM, Jagasia, M, Savani, BN, Kassim, AA, Lu, P et al.
(2012). Tissue-specific regulatory T cells: biomarker for acute graft-vs-host disease and
survival. Exp Hematol 40: 974-982.e1.

Engelhardt, BG, Jagasia, M, Savani, BN, Bratcher, NL, Greer, JP, Jiang, A et al.

(2011). Regulatory T cell expression of CLA or a(4)B(7) and skin or gut acute GVHD
outcomes. Bone Marrow Transplant 46: 436-442.

Chen, YB, Kim, HT, McDonough, S, Odze, RD, Yao, X, Lazo-Kallanian, S et al. (2009).
Up-Regulation of alpha4beta? integrin on peripheral T cell subsets correlates with the
development of acute intestinal graft-versus-host disease following allogeneic stem
cell transplantation. Biol Blood Marrow Transplant 15: 1066-1076.

Wermers, |D, McNamee, EN, Wurbel, MA, Jedlicka, P and Rivera-Nieves, | (2011). The
chemokine receptor CCR9 is required for the T-cell-mediated regulation of chronic
ileitis in mice. Gastroenterology 140: 1526-35.e3.

1133



Functional Stability of Allo Treg After Anergization

37.

38.

39.

40.

41.

Kapp, JA, Honjo, K, Kapp, LM, Xu, Xy, Cozier, A and Bucy, RP (2006). TCR transgenic
CD8+ T cells activated in the presence of TGFbeta express FoxP3 and mediate linked
suppression of primary immune responses and cardiac allograft rejection. Int Immunol
18: 1549-1562.

Barbon, CM, Davies, JK, Voskertchian, A, Kelner, RH, Brennan, LL,

Nadler, LM et al. (2014). Alloanergization of human T cells results in expansion

of alloantigen-specific CD8(+) CD28(-) suppressor cells. Am | Transplant 14:

305-318.

Riley, JL and June, CH (2005). The CD28 family: a T-cell rheostat for therapeutic
control of T-cell activation. Blood 105: 13-21.

Lucas, PJ, Shearer, GM, Neudorf, S and Gress, RE (1990). The human antimurine
xenogeneic cytotoxic response. |. Dependence on responder antigen-presenting cells.
J Immunol 144: 4548-4554.

Davies, JK, Yuk, D, Nadler, LM and Guinan, EC (2008). Induction of alloanergy in
human donor T cells without loss of pathogen or tumor immunity. Transplantation
86: 854-864.

1134

Official journal of the American Society of Gene & Cell Therapy

This work is licensed under a Creative Commons
= Attribution 4.0 International License. The
images or other third party material in this article are
included in the article’s Creative Commons license, unless
indicated otherwise in the credit line; if the material is not
included under the Creative Commons license, users will
need to obtain permission from the license holder to
reproduce the material. To view a copy of this license, visit
http://creativecommons.org/licenses/by/4.0/

© E Kotsiou et al. (2016)

www.moleculartherapy.org vol. 24 no. 6 jun. 2016



